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Shiga-toxin-producing Escherichia coli remain a food-borne health threat. Shiga toxin is endocytosed by intestinal epithelial
cells and transported retrogradely through the secretory pathway. It is ultimately translocated to the cytosol where it inhibits
protein translation. We found that Shiga toxin transport through the secretory pathway was dependent on the cytoskeleton.
Recent studies reveal that Shiga toxin activates signaling pathways that affect microtubule reassembly and dynein-dependent
motility. We propose that Shiga toxin alters cytoskeletal dynamics in a way that facilitates its transport through the secretory
pathway. We have now found that Rho GTPases regulate the endocytosis and retrograde motility of Shiga toxin. The
expression of RhoA mutants inhibited endocytosis of Shiga toxin. Constitutively active Cdc42 or knockdown of the Cdc42-
specific GAP, ARHGAP21, inhibited the transport of Shiga toxin to the juxtanuclear Golgi apparatus. The ability of Shiga toxin
to stimulate microtubule-based transferrin transport also required Cdc42 and ARHGAP21 function. Shiga toxin addition
greatly decreases the levels of active Cdc42-GTP in an ARHGAP21-dependent manner. We conclude that ARHGAP21 and

Cdc42-based signaling regulates the dynein-dependent retrograde transport of Shiga toxin to the Golgi apparatus.

INTRODUCTION

Enteritis caused by Shigella dysenteria and pathogenic
strains of Escherichia coli is a global health threat. These
bacteria secrete Shiga toxin that enters intestinal epithelial
cells and kills them by blocking translation. In some cases,
the toxin escapes the gut and targets the kidney and
vascular endothelium resulting in hemolytic-uremic syn-
drome (Sandvig and van Deurs, 2000; O’Loughlin and Robins-
Browne, 2001; Proulx et al., 2001; Desch and Motto, 2007).
Treatment options for Escherichia coli infection and hemolytic-
uremic syndrome are limited in part because of an incomplete
understanding of the molecular mechanisms underlying Shiga
toxin’s trafficking within cells.

Shiga toxin reaches the cytosol by using retrograde trans-
port through the secretory pathway (Sandvig and van
Deurs, 2002; Johannes and Popoff, 2008). Shiga toxin is a
heteromultimeric protein containing one A subunit and five
B subunits. The A subunit is an N-glycosidase that inhibits
protein translation, whereas the Shiga toxin B subunits
(STxBs) mediate intracellular targeting. STxB binds to the
cell surface via a glycolipid receptor, globotriaosyl ceramide
(Gb3). Entry is mediated by clathrin-dependent or -indepen-
dent endocytosis (Lingwood, 1993; Sandvig and van Deurs,
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2000). It is transported from early endosomes to the Golgi
complex before undergoing COPI-independent retrograde
transport to the endoplasmic reticulum (Mallard et al., 1998;
Girod et al., 1999; Falguieres et al., 2001; Luna et al., 2002;
Lauvrak et al., 2004; McKenzie et al., 2009). The A subunit
exits the endoplasmic reticulum into the cytosol where it
cleaves the rRNA (Obrig et al., 1985).

Shiga toxin usurps several components of the constitutive
trafficking machinery to undergo retrograde transport.
Clathrin, clathrin adaptors, EHD3, and the retromer com-
plex are each required during transport from endosomes to
the Golgi apparatus (Lauvrak et al., 2004; Bujny et al., 2007;
Popoft et al., 2007; Naslavsky et al., 2009). Specific v- and
t-SNARES are implicated in membrane fusion events that
occur during retrograde toxin trafficking (Mallard et al.,
2002; Tai et al., 2004). Also, multiple small GTP-binding
proteins are involved in the docking and fusion of toxin
containing carriers including Rabé6a’, Rab1ll, Rab43, and
Arll (Wilcke et al., 2000; Monier ef al., 2002; Tai et al., 2005;
Fuchs et al., 2007). A recent study revealed that retrograde
Shiga toxin transport requires the ARF1-specific guanine-
nucleotide-exchange factor, GBF1 (Saenz et al., 2009). We
have found previously that the microtubule (MT) cy-
toskeleton and the minus-end-directed MT motor-protein
dynein are required for Shiga toxin’s motility from dis-
persed endosomes to the juxtanuclear Golgi compartment
(Hehnly et al., 2006).

Recent studies are revealing that Shiga toxin not only uses
the constitutive cellular trafficking machinery but also alters
this machinery to influence intracellular transport (Johannes
and Popoff, 2008). After binding Gb3, STxB actively tubu-
lates the plasma membrane in a manner that facilitates its
endocytosis (Romer et al., 2007). At the time of its entry,
STxB activates several protein kinases including Syk, p38,
and Cé (Lauvrak et al., 2006; Torgersen et al., 2007; Walchli et
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al., 2008). Protein kinase C and p38 are required for trans-
port into the Golgi apparatus (Torgersen et al., 2007; Walchli
et al., 2008). The activation of Syk results in clathrin heavy-
chain phosphorylation and an increase in the clathrin-de-
pendent endocytosis of STxB (Lauvrak et al., 2006). Although
the toxin-dependent signaling pathways mostly involve the B
subunit, the A subunit can also stimulate clathrin-dependent
endocytosis through an unknown mechanism (Torgersen et al.,
2005). It is likely that Shiga toxin utilizes intracellular signaling
to regulate its entry into target cells.

In addition to activating endocytosis, Shiga toxin may
influence signaling important for later trafficking events.
After Shiga toxin binds to the cell surface, there is an in-
crease in MT assembly and the number of microfilaments
(Takenouchi et al., 2004). STxB stimulates dynein-based mo-
tility that may facilitate its own transport to the juxtanuclear
Golgi apparatus (Hehnly et al., 2006). There was an increase
in neurotransmitter release in mice treated intraperitoneally
with Shiga toxin. These mice displayed cytoskeletal remod-
eling in the lumbar motoneuron, suggesting that Shiga toxin
can influence cytoskeleton dynamics leading to changes in
the intracellular trafficking of synaptic vesicles (Obata et al.,
2008). The signaling events that connect Shiga toxin entry to
the change in cytoskeletal dynamics are poorly understood.

The Arf, Rab, and Rho families of small Ras-like GTP-
binding proteins are candidates for connecting protein trans-
port to cytoskeletal dynamics. The three best-characterized
Rho-family members, Cdc42, RhoA, and Racl, regulate var-
ious aspects of membrane trafficking (Etienne-Manneville and
Hall, 2002; Sabharanjak et al., 2002; Hall, 2005; Malyukova et
al., 2009). Cdc42 and Cdc42-like proteins, TCL and TC10, are
regulators of the early endocytic pathway (Chiang et al.,
2001; de Toledo et al., 2003). Cdc42 and a Cdc42-specific
GTPase-activating protein (GAP), ARHGAP21 (also referred
to as ARHGAP10) are required for clathrin-independent
endocytosis of glycosylphosphatidylinositol (GPI)-anchored
proteins (Sabharanjak et al., 2002; Kumari and Mayor, 2008).
Recent studies revealed that Cdc42 regulates ARF1-depen-
dent intracellular trafficking events. First, ARHGAP21 binds
directly to ARF1 (Dubois et al., 2005; Menetrey et al., 2007).
Second, Cdc42 binding to Golgi membranes requires an
interaction with the ARF1-dependent vesicle coat protein
coatomer (Wu et al., 2000; Fucini et al., 2002). We have
previously reported that coatomer-bound Cdc42 regulates
dynein recruitment at the Golgi apparatus (Chen et al., 2005).

Given that Rho GTPases are known regulators of cytoskel-
etal dynamics and that the cytoskeleton mediates Shiga
toxin motility from the cell periphery to the juxtanuclear
Golgi compartment (Hehnly ef al., 2006), we investigated the
contribution of Rho GTPases to Shiga toxin’s retrograde
transport. Here, we present evidence that RhoA regulates
the internalization of STxB, whereas Cdc42 regulates the
motility of STxB to the juxtanuclear Golgi apparatus. Inter-
estingly, STxB addition greatly decreases the levels of
active Cdc42. We found that Cdc42 and ARHGAP21 sig-
naling is required for the dynein-dependent motility of
STxB and for the ability of STxB to stimulate MT-based
intracellular trafficking.

MATERIALS AND METHODS

The following antibodies were used: mouse anti-myc (Sigma-Aldrich, St.
Louis, MO), rabbit anti-Cdc42 (Cell Signaling, Beverly, MA), mouse anti-
GM130 (BD Biosciences, San Jose, CA), rabbit anti-giantin (Covance, Madison,
WI), rabbit anti-N-WASP (Cytoskeleton, Denver, CO), Alexa Fluor 647 goat
anti-mouse and goat anti-rabbit, and Alexa Fluor 488 goat anti-rabbit. Alexa
Fluor 594— and 647-conjugated transferrin and NBD Cg-ceramide were ob-
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tained from Invitrogen (Carlsbad, Ca). Nocodazole, Clostridium difficile toxin
B, and cytochalasin D were obtained from Sigma-Aldrich.

Preparation of Recombinant STxB

STxB containing a C-terminal His-tag was cloned into the pET1la vector
(Stratagene, La Jolla, CA). STxB-His was expressed in BL21(DE3)pLysS bac-
terial strain (Stratagene) and purified on nickel beads by using a 20-500 mM
continuous imidazole gradient. STxB was labeled using Cy3.5 (GE Healthcare,
Waukesha, WI) for fluorescence microscopy (Hehnly et al., 2006).

Immunofluorescence

Immunofluorescence was performed as described previously (Hehnly et al.,
2006). Images were acquired using a confocal microscope (model LSM-510;
Carl Zeiss Microlmaging, Thornwood, NY) and a 63X objective (Carl Zeiss
MicroImaging) with an NA of 1.40.

Vero Cell-based Trafficking Assays

African green monkey kidney (Vero) cells were cultured in a-minimal essen-
tial medium (MEM) supplemented with 10% fetal bovine serum (FBS) and 100
U/ml penicillin-streptomycin. Vero cells were grown to subconfluence on
glass coverslips. Cells were transfected using Lipofectamine 2000 (Invitrogen)
with plasmids expressing myc-Cdc42, GFP-RhoA(T19N), GFP-RhoA(G14V),
GFP-Rac1(T17N), GFP-Rac1(G12V), GFP-Cdc42(Q61L), GFP-Cdc42(T17N), or
green fluorescent protein (GFP). Cells were incubated on ice with 2.5 ug/ml
STxB in a-MEM without 10% FBS for 2 min. The cells were washed three
times with fresh medium and incubated at 37°C for various times as described
in the figure legends with «-MEM supplemented with 10% FBS (Hehnly et al.,
2006). The media was supplemented with 100 ng/ml toxin B or vehicle. The cells
were pretreated for 1 h with Toxin B before addition of STxB (see Figure 2).
When assaying transferrin localization, subconfluent Vero cells were
starved of serum for 1 h before the addition of 200 ug/ml Alexa Fluor
647-conjugated transferrin. Cells were treated with or without 2.5 ug/ml
STxB. Transferrin and STxB were bound on ice for 5 min. The cells were
washed with fresh medium and placed at 37°C. The warmed medium was
then removed, and 37°C «-MEM medium plus 100 pg/ml unlabeled trans-
ferrin was added to the cells. The medium was removed after 30 min, and the
cells were fixed with 4% paraformaldehyde (PFA) (Hehnly et al., 2006).

Quantification of STxB Localization

Images were captured in tiff format using the LSM-510 confocal microscope
(Zeiss). Using Adobe Photoshop (San Jose, CA) total internalized fluorescence
of STxB was measured by outlining the entire cell (see Figure 3, Supplemental
Figures S4 and S5). The total fluorescence for STxB was measured by multi-
plying the mean intensity by the total number of pixels in the selected area.
Quantification of juxtanuclear localized STxB in the presence of toxin B was
done by scoring cells in a blind manner. P values were assessed using
Student’s t test. To calculate the percent of STxB at the Golgi apparatus, we
outlined the GM130-labeled Golgi apparatus and the entire cell. The percent
fluorescence of STxB at the Golgi apparatus compared with total STxB fluo-
rescence was then calculated for each cell. For each experiment, 7-20 cells
were randomly selected for each variable. P values were calculated using
Student’s f tests.

Time-Lapse Confocal Microscopy

The Golgi apparatus was labeled in Vero cells by incubating them with 5 uM
NBD Cé-ceramide-bovine serum albumin complex for 30 min at 4°C. The
cells were rinsed three times with fresh a-MEM and incubated at 37°C for 30
min. The cells were incubated with STxB for 10 s at 37°C and rinsed three
times with fresh medium. They were then incubated in a bicarbonate-free
medium containing 1 mM magnesium acetate, 1 mM CaCl,, 5 mM glucose,
1X phosphate-buffered saline (PBS), 5 mM glutamate, 1 mM sodium pyru-
vate, and 10% FBS. Imaging was performed using an LSM-510 inverted
confocal microscope with a heated stage, and images were captured with a
40X oil immersion objective (Zeiss). Kinetic analysis of Cy3.5-labeled STxB
arrival at the Golgi apparatus was accomplished by measuring fluorescence
changes in a defined region of interest (ROI) by using Zeiss LSM software
(Hehnly et al., 2006).

shRNA-based Depletion of ARHGAP21 in Vero Cells

The pSUPER RNAI System (Oligoengine, Seattle, WA) was used to generate a
viral vector pSR-shARHGAP21 to produce an shRNA to ARHGAP21. The oli-
gonucleotides used for the shRNA were 5'-GATCCCCGTCATTGTGCCTTCT-
GAGATTCAAGAGATCTCAGAAGGCACAATGACTTTTTGGAAA-3" and
5'AGCTTTTCCAAAAAGTCATTGTGCCTTCTGAGATCTCTTGAATCTCAG
AAGGCACAATGACGGG-3' (Kumari and Mayor, 2008). The oligonucleotide
duplex was cloned into pSRgfp /neo by Bglll/HindIII sites. A stable cell line
expressing the shRNA to ARHGAP21 was generated using a retroviral spin
infection. Retroviral supernatant was generated from 293T cells transfected
with the pSR-shARHGAP21 with the pCL-Eco packaging construct and pCL-
VSVG. Vero cells were grown to subconfluence in a 12-well dish. Cells and

Molecular Biology of the Cell



viral supernatant were centrifuged at 2500 r.p.m. for 2 h at 32°C with 8 ug/ml
polybrene. Several clonal populations of GFP- expressing cells were obtained
and measured for ARHGAP21 depletion. To measure ARHGAP21 depletion
a short-length (< 1 kb) cDNA library was generated from total RNA by using
the Aurum total RNA mini kit (Bio-Rad, Hercules, CA) and iScript cDNA
Synthesis kit (Bio-Rad, Hercules, CA). ARHGAP21 primers, position 2390—
2413 and position 25392516, were used for quantitative real-time PCR.
Primers targeting the ARHGAP21 intron, actin, and GAPDH were used as
controls. Primer sequences are available upon request. SYBR green supermix,
MyiQ single-color PCR detection system, and optical system software (Bio-
Rad) were used for real-time PCR (Pfaffl, 2001). For the rescue experiment, the
ARHGAP21 cell line was transfected with an ARHGAP21(aa 855-1346)-
mCherry that is missing the siRNA target site.

Cdc42 Activation Assay

Glutathione S-transferase (GST)-p21-binding domain (PBD) was expressed in
BL21 cells (Stratagene). The bacteria were lysed and GST-PBD protein was
isolated on glutathione Sepharose 4B (GE Healthcare). Vero cells with or
without a short hairpin RNA (shRNA) to ARHGAP21 were transfected with
myc-Cdc42. Forty-eight hours after the transfection, the cells were treated
with or without STxB and incubated at 37°C for 20 min. The cells were
harvested, rinsed in PBS, and lysed in ice-cold radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris-HCI, pH 7.2, 150 mM NaCl, 10 mM MgCl,,
0.5% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 0.5 mM NazVO,, 15
wg/ml leupeptin, 5 ug/ml aprotinin 1 wg/ml pepstatin A, and 1 uM PMSF).
The lysates were incubated with GST-PBD beads at 4°C for 45 min. The beads
were washed three times with ice-cold wash buffer (50 mM Tris-HCl, pH 7.2,
150 mM NaCl, 10 mM MgCl,, 1% Triton X-100, 15 ug/ml leupeptin, 5 pg/ml
aprotinin, 1 ug/ml pepstatin A, and 1 uM PMSF). The beads were resus-
pended in SDS sample buffer, boiled, and processed for SDS-PAGE and Western
blotting. The Western blot was probed with mouse anti-myc to detect Cdc42.
Where indicated Western blot signals were quantified by densitometry.

RESULTS

The MT and Actin Cytoskeleton Are Required for the
Motility of Shiga Toxin to the Juxtanuclear Golgi Region

The total contribution of the cytoskeleton during Shiga toxin
transport from the cell surface to the ER is unclear. The role
of the actin and MT cytoskeleton during Shiga toxin trans-
port to the Golgi apparatus has been studied using cytoskel-
etal inhibitors (Mallard ef al., 2002; Yoshino ef al., 2005). In
these experiments, STxB was trapped in a pre-Golgi intra-
cellular compartment using a 19.5°C block. The cells were
then shifted to 37°C at which trafficking into the Golgi
complex proceeds. Neither MT- nor actin-disrupting drugs,
when added after the 19.5°C temperature block, caused an
inhibition of trafficking into the Golgi apparatus (Mallard et
al., 1998). By contrast, we have reported that dynein motors
and MTs are required for STxB transport to the Golgi appa-
ratus when trafficking occurs in the absence of a 19.5°C
temperature block (Hehnly et al., 2006). A possible conclu-
sion from this previous work is that STxB transport from the
cell surface to the Golgi apparatus involves a cytoskeleton-
dependent step that proceeds during a 19.5°C incubation,
followed by a cytoskeleton-independent entry step into the
Golgi apparatus.

To test this conclusion, we examined if STxB is motile
during a 19.5°C incubation. Vero cells were incubated with
Cy3.5-tagged STxB for 5 min at 0°C to allow binding to the
cell surface. STxB was then allowed to internalize by incu-
bating for 1 h at 19.5°C. We found that at the end of the
19.5°C incubation, most of the STxB is adjacent to, but not
fully overlapping with the Golgi apparatus (Figure 1A). The
STxB-containing compartment colocalized with the early en-
dosome marker, EEA1 (Supplemental Figure S1). We then
shifted the cells to 37°C for 30 min, conditions shown pre-
viously to be permissive for entry into the Golgi apparatus
(Mallard et al., 2002; Yoshino et al., 2005). When we added
the MT toxin nocodazole between the 19.5 and 37°C incu-
bations, we found that there was no change in the amount of
juxtanuclear Golgi localized STxB (Figure 1B and Supple-
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Figure 1. STxB transport to the Golgi apparatus requires MTs. (A)
Shown are confocal micrographs of Vero cells incubated with Cy3.5-
labeled STxB (red) at 19.5°C for 1 h. The cells were fixed, perme-
abilized, and labeled with a mouse polyclonal antibody against the
Golgi marker GM130 (green). The merged image indicates overlap
(yellow) between STxB and GM130. Bar, 10 um. (B) Vero cells were
incubated with STxB at 0, 19.5, and 37°C consecutively as indicated
in the diagram. Nocodazole was included during the 0°C incuba-
tion or after the 19.5°C incubation as indicated. Cells were fixed
after the 0°C (a in diagram), 19.5°C (b in diagram), or the 37°C
incubation (c in diagram). Bar, 20 um.

mental Figure S2). Similar results were obtained with the
actin toxin cytochalasin D (Supplemental Figure S3). This
result is consistent with the previously published finding
that the cytoskeleton is not required for STxB trafficking
from the 19.5°C block compartment to the Golgi complex.
The results were strikingly different when we disrupted
the MTs with nocodazole before the 19.5°C block. In this
case, STxB remained dispersed in the cell, both following the
1-h 19.5°C incubation and after the 30-min 37°C incubation
(Figure 1B). When actin dynamics were disrupted before the
19.5°C block with cytochalasin D, we observed a reduction
in the levels of Golgi-associated STxB (Supplemental Figure
S3A). Cytochalasin D also blocks STxB transport to the Golgi
apparatus in the absence of a 19.5°C temperature block
(Supplemental Figure S3B). We determined the kinetics of
STxB trafficking into the juxtanuclear Golgi region by using
time-lapse confocal microscopy with living cells. In the ab-
sence of cytochalasin D, STxB levels in a defined jux-
tanuclear region increased linearly (Supplemental Figure
S3C). After acute cytochalasin D treatment, the rate of STxB
arrival was inhibited. These results are consistent with our
previous report (Hehnly et al., 2006) and indicate that both
MTs and actin are required for STxB motility from the cell
periphery to a juxtanuclear Golgi complex. We conclude that
there is a cytoskeleton-dependent motility step that pro-
ceeds at 19.5°C. Hence, the 19.5°C temperature block likely
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Figure 2. STxB requires Rho-family GTPases for retrograde trans-
port to the Golgi apparatus. (A) Shown are confocal micrographs of
Vero cells incubated with Cy3.5-labeled STxB (red) for 30 min. Toxin
B was included during the incubation where indicated. The cells
were fixed, permeabilized, and labeled with antibodies to the Golgi
marker GM130 (green). The merged images indicate the overlap
(yellow) between STxB and GM130. Bar, 10 um. (B) The fraction of
cells with juxtanuclear STxB was quantified for three experiments
(n > 50 cells per sample). Bars, SE. The effect of toxin B on STxB
localization was significant, p < 0.04. (C) The average intensity of
fluorescent STXB present in a circular ROI placed at NBD Cé6-
ceramide labeled Golgi complexes were plotted as a function of
time. The cells were pretreated with toxin B (@) or mock-treated (O).
The ROI was the same size for each cell imaged. Bars, SE; n = 3
experiments.

resolves a cytoskeleton-dependent motility step from a cy-
toskeleton-independent Golgi apparatus entry step.

STxB Requires Rho-family GTPases for Retrograde
Transport to the Golgi Apparatus

When Vero cells are incubated with STxB, the rate of MT/
dynein-dependent transferrin transport to a juxtanuclear en-
dosome is increased. Concomitantly, there is an increase in
the rate of MT polymerization and formation of microfila-
ments (Takenouchi et al., 2004, Hehnly et al., 2006). The
STxB-dependent change in cytoskeletal dynamics may facil-
itate Shiga-toxin motility to the Golgi apparatus (Hehnly et
al., 2006). The molecular mechanism that enables STxB to
affect MT-motor—dependent motility and to increase cy-
toskeleton assembly is unknown. Arp2/3-dependent actin
polymerization, MT dynamics, and motor proteins are each
regulated by the Rho-family of GTP-binding proteins.
Therefore, we examined whether Rho GTPases regulate the
MT/dynein-dependent motility of STxB from the cell pe-
riphery to the juxtanuclear Golgi region.

Rho-GTPase activity was acutely inhibited in Vero cells
using C. difficile toxin B. Toxin B glucosylates all members
of the Rho family and inhibits their effector interactions
(Aktories et al., 2000). In cells treated with toxin B for 30 min,
STxB was not transported to the Golgi apparatus and re-
mained dispersed throughout the cell (Figure 2A). By con-
trast, there is an accumulation of STxB at the juxtanuclear
Golgi region by 30 min in untreated cells. The fraction of
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Figure 3. RhoA mutants inhibit the endocytosis of STxB. (A)
Shown are confocal micrographs of Vero cells that have been incu-
bated with Cy3.5-labeled STxB for 0 or 30 min as indicated. The cells
were transiently transfected with GFP, GFP-RhoA(G14V), or GFP-
RhoA(T19N). GFP fluorescence is shown as an inset image and
transfected cells are labeled with an asterisk. Bar, 5 um. (B) GFP,
GFP-RhoA(G14V), or GFP-RhoA(T19N) transfected Vero cells were
incubated with Cy3.5-labeled STxB for 30 min. The total intracellu-
lar fluorescence of STxB was quantified. Bars, SE; n = 4 experiments.
The effects of RhoA(G14V) (p < 0.001) and RhoA(T19N) (p < 0.02)
were significant when compared with the control. There was no
significant difference between GFP and control (p = 0.53).

cells containing juxtanuclear STxB was significantly reduced
following toxin B treatment (Figure 2B). Videomicroscopy
was used to test the effects of toxin B on STxB motility in live
cells. STxB fluorescence in a defined region over the Golgi
apparatus increases at a significantly reduced rate in toxin
B-treated cells (Figure 2C). We saw no significant decrease
in internalized STxB in cells treated with toxin B (Supple-
mental Figure S4A). We concluded that STxB requires mem-
bers of the Rho GTPase family for efficient motility to the
juxtanuclear Golgi apparatus.

RhoA Inhibits the Endocytosis of STxB

The Rho GTPase family is defined by three subfamilies
represented by Racl, RhoA, and Cdc42 (Etienne-Manneville
and Hall, 2002). These proteins cycle between the GTP-
(activated) and GDP-bound (inactivated) forms. Because of
this cycle, constitutively activating or dominant-negative
mutations both can disrupt cellular processes (e.g., Wu et al.,
2000; Desai et al., 2004; Hoppe et al., 2006). To test the role of
the entire GTP-binding/hydrolysis cycle, we expressed
dominant-negative and constitutively active versions of
RhoA, Racl, and Cdc42 and determined their influence on
STxB trafficking. We found that the expression of mutant
RhoA blocks STxB internalization (Figure 3), but not the
initial STxB binding (Supplemental Figure S5). Constitu-
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Figure 4. Expression of mutant RhoA inhibits transferrin endocy-
tosis. Shown are confocal micrographs of Vero cells expressing
GFP-RhoA(G14V) or GFP-RhoA(T19N). The cells were incubated
with transferrin Alexa Fluor 555 conjugate (shown) for 20 min at
37°C. The cells were fixed and mounted for microscopy. Bar, 10 um.

tively active GFP-RhoA(G14V) reduced the levels of intra-
cellular STxB by fivefold. Expression of dominant-negative
GFP-RhoA(T19N) reduced the levels by twofold (Figure 3B).
GFP alone had no significant effect on the amount of fluo-
rescent STxB internalized (Figure 3). The consequence of
RhoA disruption appeared to be specific because mutant
Racl and mutant Cdc42 had much smaller effects on STxB
internalization. The amount of internalized STxB in either
mutant Racl or mutant Cdc42 expressing cells was at least
70% of the amount endocytosed into control cells (Supple-
mental Figure S4, B and C). We concluded that RhoA(T19N)
and RhoA(G14V) decreased the endocytosis of STxB.

There could be several explanations for the inhibition of
STxB internalization by the expression of mutant RhoA pro-
teins. RhoA could be required directly for endocytosis of
STxB. Alternatively, RhoA may influence STxB internaliza-
tion indirectly by disrupting the distribution of its receptor,
Gb3. To distinguish between these possibilities, we com-
pared the localization of STxB in the presence or absence of
mutant RhoA. Shortly after adding STxB to the cells, we
found that it was localized to the cell surface both in cells
expressing mutant forms of RhoA and in control cells. After
incubating the cells for 30 min, STxB was internalized and
transported to the Golgi apparatus in the control cells. By
contrast, little STXB was found in internal compartments
(Figure 3A) after 30 min in the presence of mutant RhoA.
The observation that STxB still localizes to the cell surface
(Supplemental Figure S5), whereas its internalization is in-
hibited by RhoA mutant expression (Figure 3), suggests that
STxB internalization is not solely a consequence of defective
Gb3 distribution.

Rho GTPases have been implicated previously in clathrin-
dependent endocytosis (Lamaze et al., 1996). Hence, we used
receptor-mediated transferrin uptake to determine whether
RhoA specifically regulates STxB internalization or acts gen-
erally as a regulator of clathrin-based internalization. Cells
expressing mutant forms of RhoA internalized less trans-
ferrin (Figure 4). Expression of mutant forms of either Racl
or Cdc42 had no overt effects on the amount of internalized
transferrin (Supplemental Figure S6). We conclude that
RhoA does not function specifically during STxB endocyto-
sis, but instead acts as a general regulator of clathrin-based
endocytosis.

Paradoxically, expressing the mutant forms of RhoA
caused a clear inhibition of STxB internalization, but there
was no significant defect in STxB endocytosis in cells treated
with toxin B (Supplemental Figure S4A). One possibility is
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Figure 5. Racl has little effect on the accumulation of STxB at the
Golgi apparatus. (A) Shown are confocal micrographs of Vero cells
incubated with Cy3.5-labeled STxB (left images) for 30 min. The
cells were transfected with either GFP-Racl(G12V) or GFP-
Racl(T17N) as indicated. The GFP fusion protein localization is
shown (right images). Transfected cells are also labeled with an
asterisk. Bar, 10 um. (B) GFP-Rac1(G12V) or GFP-Racl(T17N) ex-
pressing cells were incubated with Cy3.5-labeled STxB (red) for 30
min, fixed, permeabilized, and labeled with an antibody against the
Golgi marker GM130 (green). The inset images display the GFP-
fusion proteins. Bar, 10 um. (C) Vero cells were incubated with
Cy3.5-labeled STxB for 30 min. STxB fluorescence at the Golgi
apparatus was quantified as a fraction of the total internalized STxB
in cells expressing GFP, GFP-Rac1(G12V), or GFP-Rac1(T17N). Bars,
SE; n = 3 experiments. The effect of Racl(T17N) (p = 0.26) or
GFP-Rac1(G12V) (p = 0.11) was insignificant when compared with
GFP alone. There was no significant difference between GFP-
Rac1(T17N) and GFP-Rac1(G12V) (p = 0.86).

that RhoA function during endocytosis is resistant to toxin
B. A more likely possibility is that chronic, but not acute,
inhibition of RhoA affects endocytosis. Regardless, the fact
that toxin B blocks the subsequent trafficking of internalized
Shiga toxin to the Golgi apparatus indicates that there is at
least one additional requirement for Rho GTPases.

Racl Function Is Not Required for STxB Transport to the
Juxtanuclear Golgi

Unlike cells expressing mutant RhoA or treated with toxin B,
cells expressing mutant Racl were able to internalize STxB
(Supplemental Figure S4C) and transport STxB to the jux-
tanuclear Golgi region (Figure 5, A and B). To determine if
there were more subtle defects in STxB trafficking, we quan-
tified the amount of STxB that had arrived at the jux-
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Figure 6. Mutant forms of Cdc42 disrupt STxB transport to the
Golgi apparatus. (A) Shown are confocal micrographs of Vero
cells expressing either GFP-Cdc42(Q61L) or GFP-Cdc42(T17N)
(marked with asterisk) and incubated with Cy3.5-labeled STxB
(shown) for 30 min at 37°C. Bar, 10 um. (B) STxB fluorescence at the
Golgi apparatus was quantified as a fraction of the total internalized
STxB level in cells expressing GFP, GFP-Cdc42(T17N), or GFP-
Cdc42(Q61L). Bars, SE; n = 4 experiments. The effect of GFP-
Cdc42(T17N) (p < 0.02) and GFP-Cdc42(Q61L) (p < 0.001) on STxB
levels is significant when compared with GFP alone. There was
no significant difference between GFP-Cdc42(T17N) and GFP-
Cdc42(Q61L) (p = 0.10).

tanuclear Golgi region after 30 min. Golgi apparatus-associ-
ated STxB levels were somewhat reduced in cells expressing
constitutively active Racl(G12V) and dominant-negative
Rac1(T17N) (Figure 5A and C). Hence, although Racl ap-
pears to contribute to STxB trafficking, there does not appear
to be an absolute requirement for Racl function during
transport to the Golgi apparatus. Thus, neither RhoA nor
Racl disruption closely mimicked the consequences of toxin
B treatment.

Cdc42 Function is Required for Shiga Toxin Motility to
the Juxtanuclear Golgi Apparatus

We found that the expression of constitutively active Cdc42
caused severe disruptions in Shiga toxin trafficking reminis-
cent of those we observed with toxin B. Very little STxB was
observed at the juxtanuclear Golgi apparatus 30 min after
STxB addition in cells expressing constitutively active
Cdc42(Q61L). Instead, STxB appeared in dispersed punctate
structures (Figure 6A). Similar disruptions in STxB traffick-
ing were observed in cells expressing dominant-negative
Cdc42(T17N) (Figure 6A). The levels of Golgi-localized STxB
was reduced threefold in cells expressing GFP-Cdc42(Q61L)
(Figure 6B). Overall, cells expressing dominant-negative
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Cdc42(T17N) display a twofold decrease in Golgi-associated
STxB levels (Figure 6B). However, defects in STxB trafficking
were more severe in cells expressing Cdc42(T17N) at a high
level. Disrupting Cdc42 expression using previously charac-
terized siRNAs (Deroanne et al., 2005) causes pleiotropic
defects in cell morphology, but also has defects in STxB
trafficking consistent with expression of Cdc42 mutants
(Supplemental Figure S7). The severe defects in STxB trans-
port and the abnormal distribution of STxB into dispersed
punctate structures that we observed upon disrupting
Cdc42 suggest that Cdc42 is the target of toxin B that affects
STxB trafficking.

ARHGAP21 Regulates the Transport of STxB to the
Juxtanuclear Golgi

We found that both Cdc42(Q61L) and Cdc42(T17N) inhibit
endosome to Golgi apparatus transport. This is reminiscent
of ER-to-Golgi apparatus transport in which both the con-
stitutively active and dominant-negative Cdc42 mutants are
also inhibitory (Wu et al., 2000). These results suggest that
the GTP-binding/hydrolysis cycle is needed for trafficking
events toward the Golgi apparatus. With this in mind we
sought to examine the effects of disrupting the GTPase cycle
of endogenous Cdc42. We did this by inhibiting the expres-
sion of the Cdc42-specific GAP, ARHGAP21, which together
with ARF1 regulates endocytic and exocytic protein traffick-
ing (Dubois ef al., 2005; Kumari and Mayor, 2008).

We generated Vero cells that stably expressed an shRNA
targeting ARHGAP21. The sequence used in the shRNA was
previously characterized (Kumari and Mayor, 2008). Quan-
titative RT-PCR analysis revealed that ARHGAP21 tran-
script levels were reduced 72% in these cells. We examined
each of the trafficking steps during STxB internalization to
determine if ARHGAP21 function is involved. STxB binding
to the cell surface appeared to be normal in ARHGAP21-
knockdown cells, indicating that cell-surface Gb3-receptor
levels were adequate. STxB internalization was not overtly
affected by reduced ARHGAP21 expression (Supplemental
Figure S4D). After 30 min, STxB localization in ARHGAP21
shRNA-expressing cells was similar to that observed in cells
expressing mutant Cdc42 or treated with toxin B. Specifi-
cally, little STxB localized to the juxtanuclear Golgi region
and instead was found in dispersed punctate structures
(Figure 7A). Clear STxB accumulation at a juxtanuclear
Golgi region was observed in control cells not expressing the
ARHGAP21 shRNA (Figure 7A). Quantification of STxB
levels at the Golgi apparatus confirmed that STxB trafficking
was abnormal (Figure 7B). An mCherry-tagged fragment of
ARHGAP21 containing the ARF-binding and GAP domains,
but devoid of the shRNA target site was expressed in our
ARHGAP21 knockdown cell line to confirm that the pheno-
type of the knockdown cells did not represent an off-target
effect (Figure 7C). We found that the ARF-binding and GAP
domains of ARHGAP21 were sufficient to restore STxB mo-
tility to the Golgi apparatus in knockdown cells. We con-
clude that the ARHGAP21-regulated pool of Cdc42 is in-
volved in STxB trafficking.

STxB Causes a Decrease in GTP-bound Cdc42

Shiga toxin activates dynein-based motility and possibly
other events that influence its intracellular trafficking. There-
fore, we were interested in whether Cdc42 mediates these
signaling events downstream of STxB. Hence, we examined
whether Shiga toxin affects Cdc42 activation. We did this by
measuring the levels of myc-tagged Cdc42-GTP bound to
the p21-binding domain (PBD) of Pak1 fused to GST (GST-
PBD). We found that STxB caused a 10-fold decrease in
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Figure 7. ARHGAP21 shRNA inhibits STxB transport to the
juxtanuclear Golgi region. (A) Shown are confocal micrographs
of cells stably expressing an shRNA to ARHGAP21 compared
with control cells. The cells were incubated with Cy3.5-labeled
STxB for either 0 or 30 min and labeled with an antibody against
the Golgi marker GM130 (inset). Bar, 10 um. (B) The cells were
incubated with Cy3.5-labeled STxB for 30 min. STxB fluorescence
at the Golgi apparatus was quantified as a fraction of total
internalized STxB in cells with or without the shRNA to ARH-
GAP21. Bars, SE; n = 3 experiments. The effect of ARHGAP21
shRNA on STxB levels is significant (p < 0.02) when compared
with control cells. (C) Shown are confocal micrographs of cells
stably expressing an shRNA to ARHGAP21 transiently trans-
fected with ARHGAP21(885-1346 aa)-mCherry. The cells were
incubated with Cy3.5-labeled STxB for 30 min. Bar, 10 um.

myc-Cdc42-GTP levels relative to control (Figure 8, A and
B). Because we have found that both Cdc42 and ARHGAP21
affect STxB trafficking, we tested whether STxB inactivated
Cdc42 in an ARHGAP21-dependent manner. We found that
STxB no longer decreased myc-Cdc42-GTP levels in cells
expressing an shRNA to ARHGAP21 (Figure 8B). We ex-
pected that changes in endogenous Cdc42 activity would be
reflected by altered Cdc42 effector function. We tested this
by examining changes in the distribution of the Cdc42 effec-
tor N-WASP in response to STxB. N-WASP contains a CRIB
domain that binds to active GTP-bound Cdc42. We found
that cells incubated with STxB had less perinuclear N-WASP
compared with control cells (Figure 8C). A possible conclu-
sion is that STxB activates ARHGAP21 increasing GTP hy-
drolysis on Cdc42 causing a decrease in downstream effector
function.

ARHGAP21 and Cdc42 Are Needed for STxB-stimulated
Transport of Transferrin to a Juxtanuclear Endosomal
Compartment

We have found that STxB not only uses MT/dynein-depen-
dent transport between the endosomes and Golgi apparatus,
but is able to stimulate dynein-dependent transport. Specif-
ically, we found that the MT/dynein-dependent trafficking
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Figure 8. STxB decreases GTP-bound Cdc42 levels. (A) Myc-
Cdc42-transfected Vero cell lysates were used for pulldown Cdc42
activation assays with GST-PBD. The cells were incubated with
STxB where indicated. Five percent of each lysate and 40% of the
bound material were fractionated by SDS-PAGE, electroblotted, and
probed with antibodies against the myc epitope. (B) Control Vero
cells and cells stably expressing an shRNA to ARHGAP21 were
analyzed as in A. The relative levels of active Cdc42 were quantified
by densitometric analyses of the immunoblots. Shown are the av-
erage values for control cells (n = 5) and cells expressing the shRNA
to ARHGAP21 (n = 4). Bars, SE. (C) Shown are confocal micro-
graphs of Vero cells labeled with an N-WASP antibody. The cells
were incubated with STxB for 20 min where indicated. Bar, 10 um.
The graph shows the fraction of cells with perinuclear N-WASP as
an average from three experiments counted in a blind manner (n >
50 cells per experiment). Bars, SE. The effect of STxB on N-WASP
localization was significant, p < 0.003.

of transferrin from early endosomes to a juxtanuclear endo-
some was stimulated in cells treated with STxB (Hehnly et
al., 2006). In this regard we tested whether ARHGAP21 and
Cdc42 signaling is required for STxB-mediated changes in
MT-based transport.

We confirmed that STxB caused transferrin to accumulate
in a juxtanuclear endosomal compartment (Figure 9). Inter-
estingly, STxB no longer stimulated transferrin accumula-
tion when cells expressed Cdc42(Q61L). Transferrin re-
mained dispersed throughout the cell. This distribution of
transferrin is similar to cells without STxB and Cdc42(Q61L)
(Figure 9A). Evidence that the ARHGAP21-regulated pool of
Cdc42 was required for STxB effects was obtained by inhib-
iting ARHGAP21 expression. When STxB and transferrin
were added simultaneously to cells expressing the shRNA
targeting ARHGAP21, the transferrin was internalized but
remained dispersed (Figure 9B). We concluded that ARH-
GAP21 and Cdc42 are involved both in STxB trafficking to
the Golgi region and for the ability of STxB to stimulate
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Figure 9. Cdc42(Q61L) or shARHGAP21 expression inhibits the
STxB-stimulated transport of transferrin to a juxtanuclear endoso-
mal compartment. (A) Shown are confocal micrographs of Vero cells
expressing either GFP or GFP-Cdc42(Q61L) (marked with asterisks).
The cells were incubated simultaneously with STxB and Alexa Fluor
647-labeled transferrin for 30 min as indicated. After 30 min, the
cells were fixed and mounted for microscopy. (B) Shown is the
effect of STxB treatment on Alexa Fluor 647-labeled transferrin
distribution in control cells and cells stably expressing an shRNA
to ARHGAP21. Bars, 10 um.

MT/dynein mediated trafficking steps. It is likely that STxB
increases the rate of dynein-dependent motility in order to
facilitate its own retrograde transport through the secretory
pathway.

DISCUSSION

The AB-type bacterial toxins such as Shiga toxin are remark-
able in their ability to enter the cytosol by usurping the
cellular trafficking machinery and undergoing retrograde
transport from the cell surface to the endoplasmic reticulum.
We find that Shiga toxin transport from endosomes to the
juxtanuclear Golgi apparatus requires the actin cytoskeleton
(Supplemental Figure S3) and dynein-dependent motility
along MTs (Hehnly et al., 2006). Shiga toxin not only uses
cytoskeleton-dependent transport but also stimulates MT
assembly and dynein-dependent motility (Hehnly et al.,
2006). Together, these findings imply that regulated cy-
toskeletal dynamics and motor protein function are neces-
sary for efficient retrograde toxin transport. The Rho-family
of GTP-binding proteins plays a central role in regulating
the cytoskeleton. In this study, we find that Shiga toxin
affects Cdc42 activation and that RhoA, Racl, and Cdc42
each contribute during Shiga toxin trafficking from the cell
surface to the Golgi apparatus. We find that the STxB-stim-
ulated dynein-based transport from endosomes to the Golgi
complex is regulated by a signaling pathway involving
Cdc42 and the Cdc42-specific GTPase activating protein,
ARHGAP21.
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RhoA and Cdc42 Regulate Distinct Aspects of Shiga Toxin
Transport

Some steps during Shiga toxin trafficking, such as endo-
some-to-Golgi transport, are cytoskeleton dependent (Figure
1 and Supplemental Figure S3; Hehnly et al., 2006). Other
steps, such as Golgi entry, are independent of the cytoskel-
eton (Mallard et al., 1998). In this respect, we have examined
whether Rho GTPases are required for several resolvable
steps during Shiga toxin transport. We find that the initial
Gb3-dependent binding of Shiga toxin to the cell surface is
unaffected upon acute or long-term disruption of RhoA,
Racl, or Cdc42. This indicates that Rho function is not es-
sential to maintain sufficient Gb3 levels on the plasma mem-
branes. Indeed, Shiga toxin bound to cells and underwent
endocytosis even upon acute inhibition of all Rho proteins
using toxin B (Figure 2).

Long-term disruption of RhoA, by expression of consti-
tutively active and dominant-negative mutants, blocked
both Shiga toxin and transferrin endocytosis. This sug-
gests that RhoA plays a general regulatory role during
endocytosis and is consistent with a previously published
report (Lamaze et al., 1996). Long-term inhibition of Cdc42
and Rac1 had little or no effect on endocytosis. Cells express-
ing constitutively active or dominant-negative Cdc42 dis-
played severe defects in transport to the Golgi apparatus
causing the toxin to remain in dispersed endosomes. Cells
expressing mutant Racl displayed more subtle defects in
STxB transport. Racl function may not be needed for STxB
trafficking or might be complemented by another member of
the Rho family.

As has been observed for other small GTPases (Wu et al.,
2000; Desai et al., 2004; Hoppe et al., 2006), we find that both
constitutively active and dominant-negative mutations of
RhoA and Cdc42 have inhibitory effects on STxB transport.
This likely indicates that the role of these proteins during
Shiga toxin trafficking requires completion of the GTP-ex-
change/GTP-hydrolysis cycle. Importantly, the dominant-
negative and constitutively active forms of each GTPase
disrupt the same trafficking step. Our observations support
the conclusion that each of the Rho subfamilies regulates a
distinct aspect of retrograde Shiga toxin transport.

Both Actin and MTs Are Required for Shiga Toxin’s
Retrograde Motility

We find that there is a cytoskeleton-dependent transport
step that occurs between early endosomes and the Golgi
apparatus. Using nocodazole and cytochalasin D treatments,
we showed that both actin and MTs are required for Shiga
toxin trafficking. The requirement for both major classes of
cytoskeleton filaments could indicate that there are sequen-
tial actin- and MT/dynein-mediated motility steps. In this
case, actin could either serve as a track for myosin motors or
generate comet tails for actin assembly-dependent motility.
Alternatively, actin could be required concurrently with dy-
nein motors for MT-dependent transport. This latter possi-
bility is consistent with our previous studies, indicating that
Cdc42-regulated actin dynamics are necessary for the correct
recruitment of dynein during vesicular transport at the
Golgi apparatus (Chen et al., 2005).

ARHGAP21 and Cdc42 Regulate Shiga Toxin’s
Dynein-mediated Transport to the Golgi Apparatus

Cdc42 mutations may influence STxB trafficking by shifting
the mode of endocytosis (i.e., from nonclathrin to clathrin
mediated; Kumari and Mayor, 2008). However, our previous
work suggests more direct links between Cdc42 and dynein-
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based motility events. We have reported that Cdc42-GTP
blocks dynein recruitment in vitro (Chen et al., 2005). Fur-
thermore, inhibiting or activating Cdc42 blocks dynein-de-
pendent ER to Golgi trafficking (Wu et al., 2000; Chen et al.,
2005). We have now found that disrupting Cdc42 function
predominantly affects endosome-to-Golgi trafficking, a step
we have found to be MT- and dynein-dependent. Shiga
toxin not only uses MTs for this step but also up regulates
dynein-dependent motility in a manner that facilitates its
own intracellular trafficking. Although it is possible that
Cdc42 function during retrograde Shiga toxin transport is
occurring from a distance (i.e., from the Golgi apparatus or
plasma membrane), we believe it is more likely that our
results reflect signaling events occurring on endosomal
membranes.

Our findings regarding the effect of STxB on Cdc42 acti-
vation and the effects of Cdc42 activation on STxB trafficking
suggest the following model. Shiga toxin binding or entry
into cells activates the Cdc42-specific GAP, ARHGAP21
causing a decrease in the levels of GTP-bound Cdc42. Inac-
tivation of Cdc42 relieves its inhibitory effect on dynein/
microtubule-dependent motility. The increased dynein ac-
tivity would facilitate the retrograde endosome-to-Golgi
transport of Shiga toxin itself as well as other endocytosed
proteins such as transferrin.

Rho GTPases receive input from numerous signaling
pathways and function through a wide array of effector
proteins. In this way, Rho proteins are able to regulate
many different aspects of cell physiology. Indeed, we find
that three members of the Rho family each regulate dis-
tinct aspects of retrograde transport through the secretory
pathway. Signaling specificity among Rho GTPases is likely
derived by directing localization and limiting effector interac-
tions. Our finding that the specific effects of Cdc42 on dynein-
dependent transport requires the function of ARHGAP21,
provides important insight into how a ubiquitously-used
molecular switch might direct a specific step within the
secretory pathway. Further progress will likely yield addi-
tional GEFs, GAPS, and effectors that allow Rho-family pro-
teins to regulate multiple specific aspects of membrane
transport and intracellular motility.
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